C T cells and in particular Tregs and Th17 cells is established in myelodysplastic syndrome (MDS), the contribution of other components of immune system is yet to be elucidated fully. In this study we investigated the number and function of myeloid derived suppressor cells (MDSCs) in fresh peripheral blood and matched bone marrow samples from 42 MDS patients and the potential correlation with risk of disease progression to acute myeloid leukemia (AML). In peripheral blood, very low-/low risk patients had significantly lower median MDSC number (0.16£10 9 /L(0.03-0.40)) compared to intermediate-/high-/very high risk patients, in whom median MDSC counts was 0.52£10 9 /L(0.10-1.78), p < 0.005. When co-cultured with CD4C effector T-cells (T-effectors), MDSCs suppress Teffector proliferation in both allogeneic and autologous settings. There was a positive correlation between the number of Tregs and MDSCs (Spearman R D 0.825, p < 0.005) in high risk and not low risk patients. We also investigated MDSCs' expression of bone marrow-homing chemokine receptors, and our data shows that MDSCs from MDS patients express both CXCR4 and CX3CR1 which might facilitate migration of MDSCs to bone marrow. Monocytic MDSCs(M-MDSCs) which are more frequent in the peripheral blood express higher levels of CX3CR1 and CXCR4 than the granulocytic subtype (G-MDSCs), and circulating M-MDSCs had significantly higher CX3CR1 expression compared to bone-marrow M-MDSCs in intermediate-/high-/very high risk MDS. Our results suggest that MDSCs contribute significantly to the dysregulation of immune surveillance in MDS, which is different between low and high risk disease. It further points at mechanisms of MDSCs recruitment and contribution to the bone marrow microenvironment.
Introduction
MDS is a group of diseases with clonal proliferation of dysplastic bone marrow haematopoietic cells. Recent studies have established that T cell mediated immune dysregulation is an important feature of MDS. The "immune signature" is substantially different in low and high risk MDS. While the low risk disease is characterized by the expansion of pro-inflammatory T cells (in particular Th17), the expansion of T regulatory cells (Tregs) is the main feature of high risk disease. However, the mechanism of this immune-signature switch is not fully understood. 1 Myeloid derived suppressors cells (MDSCs) are a group of immature myeloid cells with a potent immunosuppressive effect which are expanded in an inflammatory environment. 2 The role of MDSCs in suppressing immune mediated tumor surveillance and T cell polarization has been demonstrated in solid tumors. 3 It has also been shown that MDSCs not only could induce myelodysplasia 4 but also that targeting them by NK cells may be therapeutically beneficial in MDS. 5 However, it is unclear whether MDSCs play a similar role in MDS as in solid tumors in transforming the inflammatory environment in low risk disease to a more inhibitory environment in high risk MDS.
Two major subsets of MDSCs have been described; Granulocytic (G)-MDSC and monocytic (M)-MDSC, and the frequency of the subsets vary between different tissues. 6 In humans, MDSCs have a phenotype that is lineage negative and the cells are usually CD11b
C , CD33 C & HLA-DR neg/low. 7 MDSCs have a key role in immune response regulation and the plasticity of CD4 C T cells. MDSCs produce Interleukin (IL)-10, Transforming Growth Factor (TGF)-b, arginase 1 (ARG1) and inducible nitric oxide synthase (iNOS2), suppress T cells by depriving them of arginine and cysteine and are capable of inducing Tregs. 8, 9 G-MDSC can in addition produce reactive oxygen species (ROS). MDSC depletion in tumor-bearing mice inhibits tumor progression and metastasis, suggesting that these cells have a key role in tumor specific immune response. [10] [11] [12] Although the increased number of MDSCs in MDS has been shown, 4 it is not clear whether this expansion is MDS subtype specific and which subsets of MDSCs are expanded. The effect of MDSCs on T cells function, in particular CD4
C T effectors and Tregs, in MDS has not been studied previously.
Migration of MDSCs to cancer environment is mediated by the CXCR4/CXCL12-axis. 13 The CXCR4-CXCL12 interaction is important for keeping the haematopoietic stem cells in their niches, 14, 15 and bone marrow-plasma from MDS patients shows elevated CXCL12 levels.
16 CX3CR1 binds to chemokine and adhesion molecule CX3CL1, a transmembrane cleavable protein whose release is induced by IFNg and TNF-a, 17 cytokines present in low risk MDS bone marrow. 18, 19 The aims of this study were to investigate the MDSCs number, distribution and function, correlation with the number of Tregs, their bone marrow homing chemokine receptor expression and the correlation with the risk of progression to AML.
Results
Higher numbers of MDSCs in high risk MDS patients Bone marrow milieu in MDS patients evolves from a proinflammatory environment in low risk patients into an immunosuppressive one in high risk MDS. To assess the potential role of MDSCs in this shift, we compared MDSC frequency and absolute number in MDS patients within different IPSS-R categories; Very Low Risk (VLR)/Low Risk (LR) compared to Intermediate Risk (INT)/High Risk (HR)/Very High Risk (VHR) MDS. Total MDSCs were defined as lineage neg /CD11b C /CD33 C cells. In peripheral blood from VLR/LR categories median MDSC numbers (defined as lineage neg /CD11b C /CD33 C , see Fig. 4 ) were significantly lower (0.16 £ 10 9 /L (0.03-0.40)) compared to INTCHRCVHR patients, in whom median MDSC counts were 0.52 £ 10 9 /L (0.10-3.92), p < 0.005 (Fig. 1A) . Peripheral blood MDSCs were higher in VLR C LR MDS compared to healthy age matched donors (median 2.53 % (0.3 -10.1) vs. 1.03 % (0.40-2.39), p < 0.0003, and higher in INT C HR C VHR patients (median 5.87% (2.13 -40.90)) compared to VLR C LR patients (p D 0.0006) and healthy donors (p D 0.040) (Fig. 1B) (Fig. 1D) . In RAEB patients there was a positive correlation between the absolute numbers of MDSC and Tregs in peripheral blood (Spearman R D 0.825, p < 0.005) which was not the case in patients with less than 5 % bone marrow blasts (Fig. S1A) Fig. 1E and Fig. 1F ). This difference was also significant when comparing RAEB versus RC/RARS/RCMD/MDS-U patients (median 0.13 vs. 0.01, p < 0.01) (Fig. S1B) .
In high-and low risk MDS patients, M-MDSCs were higher in peripheral blood (median 0.52% (0.06-6.3)) compared to bone marrow (median 0.27% (0.002-1.29), p < 0.02), ( 
Chemokine receptor expression on MDS-MDSCs
We hypothesized that immunosuppression mediated by MDSCs protects the bone marrow MDS clone. The next step therefore was to investigate bone marrow homing receptor expression on circulating MDSCs. In MDS the G-MDSCs and M-MDSCs show different chemokine receptor expression patterns. CXCR4 is responsible for homing to bone marrow and stem-cell niches, 21 while CX3CR1 is involved in bone marrow metastasis. 22 M-MDSCs CX3CR1 expression was significantly higher in peripheral blood from intermediate and high risk MDS patients compared to bone marrow (MFI 2862 vs. 684, p < 0.05) (Fig. 2B) .
Both M-MDSCs and G-MDSCs express CXCR4 but this was significantly higher on M-MDSCs compared to G-MDSCs in RAEB patients (p D 0.003). There was also higher CXCR4 expression on M-MDSCs derived from patients with >5% bone marrow blasts when compared to patients with <5% bone marrow blasts (p D 0.01) (Fig. 2C) . There was no statistically significant difference between healthy donor M-MDSCs and G-MDSCs in terms of CXCR4 expression.
Expression of CX3CR1 was significantly higher in M-MDSCs from patients with more than 5% bone marrow blasts (RAEB) compared to healthy donors, (median R-MFI D 10.98 vs. 5.29, p D 0.02). CX3CR1 expression was not significantly different between patients with less than 5% bone marrow blasts and healthy donors. The expression of CX3CR1 was significantly higher in MMDSCs compared to G-MDSCs when we compared the CX3CR1 R-MFI for all three groups; M-MDSCs vs. G-MDSCs from RAEB patients (10.98 vs. 1.12, p < 0.02), patients with less than 5% bone marrow blasts (8. 
MDSCs from MDS patients inhibit Teffector cell proliferation in vitro
To evaluate suppressive effect of MDSCs, T-effectors from three healthy donors were cultured in the presence and absence of MDSCs in 1:1 ratio. M-MDSCs from patients were able to significantly suppress T effectors proliferation following 5 d culture (p D 0.03, Figs. 3A, B) . To evaluate the function of MDSCs in autologous setting, T-effectors from MDS patients (2 INTR and 2 LR) were co-cultured with autologous MMDSCs which have shown the same level of T effector suppression (p < 0.05 Fig. 3C) . Presence of MDSCs, also induced Tregs proliferation (Fig. 3C) . MDS-MDSCs in a 1:1 ratio culture with healthy donor T-effectors were also able to suppress proinflammatory cytokines secretion by T-effectors (Fig. S2) . The sorted MDSCs were intracellular arginase positive (data not shown).
Discussion
Although the immune-dysregulation is an important feature of MDS, there are important differences between low and high risk disease in terms of immunological findings. Low risk MDS is characterized by a persistent inflammatory environment in the bone marrow and expansion of autoimmunityassociated T helper 17 (Th17) cells whereas expansion of Tregs and reduced number of Th17 are the characteristics of high risk MDS. 23 However, the role of different components of the immune system and the influence of specific microenvironment on CD4
C T cell plasticity in MDS is still emerging. To investigate the potential role of MDSCs in shaping the immune response in MDS, we assessed the presence and function of circulating MDSCs in low-and high risk MDS patients. MDSCs are known to accumulate in cancer patients and tumor bearing mice, where they can inhibit adaptive anti-neoplastic immune response. 24 The induction of MDSCs is believed to be secondary to tumor-dependent inhibition of myeloid maturation and interferes with normal immune competent antigen presenting cells. 2 In mouse models of human cancers MDSCs mediate the development and expansion of tumor induced Tregs and Teff cell anergy. 25, 26 We found high numbers of MDSCs in peripheral blood of MDS patients, which is in agreement with previous reports. 4 Nevertheless, the number of MDSCs was even higher in high risk MDS compared to both low risk disease and healthy donors. A more significant expansion of MDSCs in high risk disease suggests a role for these cells in immune-surveillance suppression and facilitating the disease progression. In our cohort of patients the number of circulating G-MDSCs was higher in high risk disease and the G-MDSC subset also showed higher intracellular level of IL-10 and TGF-b compared to M-MDSCs. Our data suggest that MDSCs are not only expanded in MDS but is also correlated with risk of disease progression. In those In patients with more than 5% bone marrow blasts chemokine receptor CXCR4 was higher in M-MDSCs compared to G-MDSCs p D 0.003. CXCR4 expression was higher on M-MDSCs derived from patients with more than 5% bone marrow blasts compared to patients with less than 5% bone marrow blasts p D 0.01. (D) Expression of CX3CR1 was higher in M-MDSCs from patients with more than 5% bone marrow blasts (RAEB) compared to healthy donors, p D 0.02. CX3CR1 expression was not significantly different between patients with less than 5% bone marrow blasts and healthy donors. The expression of CX3CR1 was significantly higher in M-MDSCs compared to G-MDSCs for all three groups, RAEB vs. RAEB p < 0.02, between patients with less than 5% bone marrow blasts p D 0.0005, and healthy donors vs. healthy donors, p D 0.003.
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patients from which we had enough cells to enumerate both MDSCs and Tregs, there was a positive correlation between the number of MDSCs and Tregs in MDS. It may suggest a role for MDSCs in the in-vivo expansion of Tregs in MDS and subsequent disease progression. However, this correlation needs to be confirmed in a larger cohort of patients. While the accumulation and activation of MDSCs inside the myelodysplastic bone marrow is influenced by local factors, like S100A9, 4 little is known of how these cells are recruited from the periphery. We therefore evaluated G-MDSC and M-MDSC bone marrow homing chemokine receptor expression. The CXCR4-CXCL12 axis has been shown to be involved in recruitment of MDSC to tumor microenvironment. 13 Recent reports describe Fractalkine receptor CX3CR1 is also involved in bone marrow metastasis. 22, 27, 28 Immature myeloid cells committed to the monocytic lineage express CX3CR1. 29 Our data shows that MDSCs from MDS patients express both CXCR4 and CX3CR1, which facilitate migration of MDSCs to the bone marrow. Although the M-MDSCs are more frequent in the peripheral blood, they express higher levels of CX3CR1 and CXCR4
and are prone to migration toward bone marrow. Additionally, in INT C HR C VHR disease CX3CR1 was higher expressed on M-MDSCs derived from peripheral blood compared to MMDSCs derived from bone marrow, whereas there was no significant difference in VLR C LR disease. In summary, our data show that the expansion of MDSCs in MDS correlates with increased risk of disease progression toward AML and also positively correlates with Treg numbers in high risk MDS. The MDSCs from MDS were functional and have been able to suppress T effectors function and may also induce Tregs proliferation.
The expression of homing receptors also directs these cells toward the bone marrow where they inhibit immune-surveillance against dysplastic clone(s). Inhibition of MDSCs effects (i.e. by MDSC depletion or induction of differentiation) might reverse the immunosuppressive environment and re-establish immunesurveillance in MDS.
Materials and Methods

Patients and samples
MDSCs and Treg numbers were assessed in peripheral blood and bone marrow from consecutive MDS patients seen at the out-patient clinic in the period August 2012 to September 2013 ( Table 1 ). In total, peripheral blood from 42 pre-treatment MDS patients (median age 69.5 y) was analyzed. Twenty-three patients also had bone marrow samples available for analysis, in those cases peripheral blood and bone marrow samples were taken the same day. Twenty-seven patients had MDS without excess of bone marrow blasts; RC (N D 1 ), RARS (N D 5 ) or RCMD (N D 17 ), MDS-U (N D 4 ) and 15 had MDS with excess of blasts (RAEB-1 and RAEB-2). Thirty patients were categorized as low or very low risk disease on IPSS-R scoring system and 12 patients had intermediate or high risk disease. Peripheral blood samples from 12 healthy age matched donors, 6 females, and 6 males, median age 63.5 y (range 41-83 y) were used as controls. For three of the healthy donors, we were able to obtain bone marrow samples as well as peripheral blood. The study was approved by the local ethical committee and all samples taken after written consent. Buffer I, RnDSystems) as described in 30, 31 flow cytometry was performed by FACSCantoII (Beckton Dickinson) and data were analyzed using FlowJo software, TreeStar, Inc.., Ashland, OR, USA). MDSCs were defined as Lin
Flow cytometry
C granulocytic MDSCs (G-MDSCs) or CD14 C monocytic MDSCs, (M-MDSCs). We have used FSC-SSC characteristics to exclude any eosinophil contamination as described before (Fig. 4A) . 32 As cryopreservation changes the G-MDSC numbers and function, 33 all MDSC analyses were carried out on fresh peripheral blood and bone marrow samples. Tregs, T helpers and T cell subset staining were performed as per previously published protocols. 34 Gating strategy for MDSCs is shown in Figure 4B as described before. 33 
Suppression assay T effector cells, Tregs and HLA-DR-/CD14
C MDSC were isolated from Ficoll-separated PBMC by stepwise magnetic separation (MACS columns, Miltenyi Biotec Inc., Auburn, CA, USA). Teffector cells were isolated by CD4 C negative depletion (Miltenyi Biotec Inc..) and were together with Tregs separated by CD4 C CD25 C Regulatory T Cell Isolation Kit, also from Miltenyi Biotec Inc.. For MDSCs, PMBCs were first incubated with Anti-HLA-DR Micro Beads and the HLA-DR negative 
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